University of Sheffield (Received 11 June 1948) These investigations originated in studying the basis of a method for microbiological assay of nicotinic acid (McIlwain & Stanley, 1948) . The method was that in which acid produced from glucose by Lactobacillus arabinosus 17-5 is titrated with alkali after a period of incubation of about 3 days. The assay depends on the empirical observation that the quantity of titratable acid produced during incubation is dependent on the quantity of added nicotinic acid. It was found (McIlwain, 1948) that this relationship existed because of changes which took place in nicotinic acid during the assay; the compound was first assimilated to, and later lost from, the cells. Its loss was found to be conditioned by its functioning as a catalyst, and was such that nicotinic acid exhibited a defined catalytic capacity, measured by the ratio: titratable acid formed/nicotinic acid lost (inmol./mol.). Values ofthe catalytic capacity (about 5 x 105) were relatively independent of the intensity with which nicotinic acid derivatives were functioning as& catalysts, which was expressed as a catalytic activity (in mol. titratable acid/hr./mol. nicotinic acid; values rangedfrom 5 to 15 x 103 hr.-1).
Such observations suggested the need for more detailed investigations of the form in which nicotinic acid derivatives existed in the bacterial cells. We have now examined the nicotinic acid of cells of Lb.
arabinosus, and found it to be largely in the form of cozymase. Lb. arabinosus, in marked distinction from a number of other organisms, reacted only slowly with added cozymase; this, and our interest in the practical problems presented by microbiological assay, directed our attention to metabolic changes occurring in the cozymase of the bacterial cells, and these are described below.
EXPERIMENTAL
The assays for nicotinic acid, the preparation of growth media and of materials for assay, and the handling of nonproliferating suspensions of Lb. arabino8u8 were carried out as described by McIlwain (1948) . Determination of V-factor and of cozymase, and the extraction of these substances from bacteria were made by the methods used by McIlwain & Hughes (1948) .
RESULTS

Assimilation of nicotinic acid by
Lactobacillus arabinosus 1. Cell content. Cells of Lb. arabinosus from cultures whose growth has not been limited by nicotinic acid may, nevertheless, contain varying quantities ofthis substance. This is shown in Table 1 . Nicotinic acid becomes a limiting factor in growth of the organism at concentrations of about 2 x 10-7 M and the range used in assay is below 1-5 x 10-7 M. The values of Table 1 illustrate also the previous findings (McIlwain, 1948) that the nicotinic acid content of the cells of a given culture falls with time.
To approach saturation of the cells with the acid at 26 hr. in the relatively early part of a culture's growth, a concentration of c. 5 x 10-7 M-nicotinic acid is seen to be required. The cells will thus be unsaturated in this sense during most of their period of incubation in all the concentrations used in assay. Under the conditions most favourable for assimilation, about 80 % of the nicotinic acid added to a culture has been recovered from the cells after 26 hr. growth. As the cels inactivate nicotinic acid during this period, this result gives a miinimum estimate only ofthe completeness with which they can assimilate the acid. The actual concentration of nicotinic acid derivatives in the cells after assimilation can be calculated from the data of Table 1 to be about 2 to 10 x 10-4 M. In making this calculation the wet weight of the cells was taken as five times their dry weight; this has been found to be a typical ratio. The values recorded in Table 1 (McIlwain, 1948) ; this process has, therefore, been studied further.
Change in nicotinic acid in suspensions of
Lactobacillus arabinosus An attempt was made to reproduce the changes of Table 1 under conditions better defined than those of a growing culture. Table 3 shows that the cellular nicotinic acid of Lb. arabinosus can also be very stable. Cells were examined which had been grown in media relatively rich and relatively poor in nicotinic acid; the latter conditions (12 mumol. nicotinic acid/100 ml.) are within the range used in assay. In all cases the cells could be incubated at 370 in salt mixtures at pH 6 5-7 for 6 days without any loss in the total nicotinic acid of the suspension. A small increase, of some 10 % of the initial value, was frequently found.
These experiments showed that the loss in nicotinic acid observed during the assay was not brought about by the bacteria when they were incubated in the presence of the majority of the constituents of the assay medium. The components omitted from the suspending fluids during the 154 I949 I experiments quoted were glucose, the casein hydrolysate providing amino-acids to the medium, and in one case sodium acetate. Other results in Table 3 showed sodium acetate to have only a small effect in the change in nicotinic acid; but addition of glucose caused a major change. In each case examined, addition of glucose led to a decrease in nicotinic acid content.
The course of changes in nicotinic acid derivatives in suspen8ions of Lactobacillus arabinosus 1. In absence of glucose. Although the total nicotinic acid of cell suspensions changed little under these conditions, marked changes occurred in its distribution. Fig. 1 shows this in the case of a suspension of cells which were initially rich in the Barton-Wright (1946) , at the concentrations used in assay.
I As in footnote t, but lacking Na acetate. Figs. 1 and 2. Change in distribution of nicotinic acid in suspensions of cells of Lb. arabinosus, grown with 122 m,mol. of the acid/100 ml. Cells were harvested after 26 hr. growth, and washed with, and suspended in, the inorganic salts of the growth medium without glucose ( Fig. 1) and with 0-M-glucose (Fig. 2) .
Although the effect of glucose was marked, the absolute magnitude of the change which it caused was small. It led to loss of about 30 % of the cells' nicotinic acid in 6 days, but this involved an average rate of loss over that period of only 2-7 ,umol./mg. dry wt. of cells/hr. The change in a batch of cells grown from 12 m,mol. nicotinic acid/100 ml., and thus within the assay range, was about -2-5 ,umol./mg./hr., and thus much slower than that estimated as occurring during assay. This led us to investigate the course of the change, the distribution of nicotinic acid between cells and solution, and the effect of additional substances on the changes.
acid. The quantity in the cells fell throughout the experiment, but at a decreasing rate; and the acid which was lost from the cells appeared in the solution. Results similar to those of Fig. 1 have been obtained also with cells which were initially poorer in nicotinic acid (containing 30 or 15 m,umol./100 ml., the latter value being the upper limit of the assay range); but in such cases the proportion of nicotinic acid leaving the cells was smaller than with those initially rich in the acid.
The mase system, but their V-factor activity could be determined. The values obtained (Table 2 B) showed two thirds or one half of the liberated material to possess such activity and presumably to be at least of the complexity of a riboside of nicotinamide. 2. In presence of glucose. Glucose led not only to the decrease in total nicotinic acid noted in the previous section, but in many cases it also caused LEY AND D. E. HUGHES I949 (1.22 mumol./10 ml.) within the assay range and were reaped at 30 hr. when their rate of acid formation was high. Their initial rate in the salts of the assay medium, with glucose, was > 10 ,mol./10 ml./ hr., and this fell to about 1 ,mol./10 ml./hr. on the sixth day. The rate fell rapidly during the first 2 or 3 days and then more slowly. Changes in the rate have, therefore, been examined in relation to changes in cellular nicotinic acid. The course of acid formation from suspensions of Lb. arabinosus was now followed over periods comparable to those of the assay. Fig. 3 shows that observed in an experiment lasting 6 days. Organisms had been grown from a quantity of nicotinic acid 2. Catalytic activity of nicotinic acid in cell suspensions. Relevant results are presented in Table 5 . during exposure so that nicotinic acid becomes progressively less effective as a catalyst. It is also initially much less effective as a catalyst during the present experiments than in assay; the catalytic activities of Table 5 are only about one tenth of those found (Mcllwain, 1948) at comparable pH values during assay.
.1
META,BOLISM OF NICOTINIC ACID DERIVATIVES
The higher catalytic activity during assay did not appear to be due to cell proliferation, as the earlier experiments included ones of short duration with harvested and resuspended cells. The difference was found to be due to the organic constituents of the suspending fluid. Reconstituting the assay medium by adding to the suspending fluid of Table 5 casein hydrolysate, ammonium salts, and a mixture of vitamin-like substances restored the catalytic activity to 14,000 mol./mol./hr. at pH 6, or 8000 at pH 5-2. In this effect the vitamin-like substances played little part (Table 5) . their cells. The assimilated material has been found to be present largely as cozymase, which is much more stable when added to suspensions of Lb. arabinosws than it is in suspensions of many other organisms. Loss of cozymase from buffered suspensions of Lb. arabinosus was extremely slow, both with respect to cozymase which was added as such, and also to that which was synthesized by the cells themselves from nicotinic acid. Cellular cozymase became markedly less stable inglycolyzing organisms although here also the rate of its loss was by most standards very low, being about 10 ,F,umol./mg. dry 2-1 A parallel experiment was carried out with similarly grown organisms in a suspending fluid of the same initial pH but with in addition the aneurin, riboflavin, pyridoxin, pantothenate, p-aminobenzoic acid and biotin of the assay medium. Catalytic activities of 2000-1200 were observed, and catalytic capacities of 2-5-3-5 x 10' (mean, 2-6 x 105).
3. Catalytic capacity of nicotinic acid in cell suspen8ion8. In Table 5 are given also the ratios between the mol. titrable acid formed and the mol. nicotinic acid lost. These values (the catalytic capacities of nicotinic acid) were relatively steady during the experiments and were not far removed from the values observed in assay. Thus, different suspensions gave 2-5-3-5 and 2-0-3-5 x 105, and in assay the capacity was about 5 x 105. It has been observed above that in the present experiments, as in assay, loss of nicotinic acid was associated with the presence of glucose. The values now quoted show that the quantitative relations between the metabolism of glucose and of nicotinic acid are also similar during the assay in non-proliferating suspensions, although the absolute rates of metabolism of each fell in the suspensions to only a fraction of their value in assay.
DISCUSSION
The present studies have given further information on the behaviour of nicotinic acid in Lactobacillus arabino&sw, and this behaviour may now be assessed in relation to the use of the organism in assay. The organisms, in growth, assimilated nicotinic acid from very dilute solutions and concentrated it in wt.!hr. It was, therefore, very interesting to observe that this rate bore a relation to the rate of glycolysis similar to that previously observed in more active cells during assay. In both cases the catalytic capacity of nicotinic acid, or the ratio between the rates of change in titratable acid in nicotinic acid, was between 2 and 6 x 10'. The possible significance of this has been discussed previously (Mcflwain, 1948) .
These values give another instance of relative stability in the catalytic capacity of nicotinic acid during marked changes in its catalytic activity (i.e. the rate of reaction which unit quantity of it catalyzes, in this case glycolysis, expressed in ,umol./hr./umol. nicotinic acid). The catalytic activity was markedly affected by the suspending fluid. This is understandable, as glycolysis involves many reactions, and the slowing of any one ofthese during the 6 days of an experiment could be reflected in the overall rate of reaction. The relative constancy of the catalytic capacity implies that, when glycolysis has fallen in rate, loss of nicotinic acid has also been correspondingly slower.
Data already available from various assay methods for nicotinic acid give further indications of the relative constancy of the catalytic capacity of the acid. As emphasized previously (McIlwain, 1948) Table 6 . This shows partial catalytic capacities from our own observations with Lb. arabinosus to range from 2 6 to 4 8 x 105; those of other observers with this organism, from 1*7 to 2*6, and with Leuconostoc mesenteroides, from 4*9 to 6*8 x 105. Fundamental importance is not attributed to the partial catalytic capacities which are expressed immediately by these values, but the latter are considered to indicate that the catalytic capacities themselves are also likely to be ofthe same order of magnitude under the various conditions chosen by the different observers whose results have been given in Table 6 . This increases the significance of the catalytic capacity. SUMMARY 1. Lactobacillus arabino8ts 17-5, which is used in a microbiological assay of nicotinic acid, assimilated this acid from 10-8 or 10-7 M solutions during growth. Its cell content of the substance was then 07-5 m,umol./mg. dry wt. of cells, according to conditions of growth.
2. The assimilated substance existed in the cells largely as cozymase. Cozymase in Lb. arabinosus, or added to suspensions of this organism, was much more stable than in the presence of many other bacteria.
3. A slow reaction (of 2-20 Autmol./mg./hr.), leading to inactivation of cozymase and of its nicotinic acid moiety did, however, occur in Lb.
arabinoaus during glycolysis. Glycolysis altered also the distribution of nicotinic acid between saline solutions and the cells of the organism, leading to greater retention of the acid in the cells.
4. Rates of glycolysis and of loss in nicotinic acid varied in parallel in suspensions of Lb. arabino8U.s, as they had previously been found to do in assay. The ratio between the two-rates (the catalytic capacity of nicotinic acid) had approximately the same value, of 3-6 x 105, in the two cases.
5. On the other hand, the activity of nicotinic acid as a catalyst was much lower innon-proliferating suspensions in simple media, than in assay. Catalytic activity and partial catalytic capacity have been used as measures of the behaviour of the organism during assays of the present type.
We are greatly indebted to Miss E. Ellis for assistance during these investigations.
